Baseline geochemical characterisation of a vulnerable tropical karstic aquifer; Lifou, New Caledonia  by Nicolini, Eric et al.
Journal of Hydrology: Regional Studies 5 (2016) 114–130
Contents lists available at ScienceDirect
Journal  of  Hydrology:  Regional
Studies
jo ur nal homep age: www.elsev ier .com/ locate /e j rh
Baseline  geochemical  characterisation  of  a  vulnerable
tropical  karstic  aquifer;  Lifou,  New  Caledonia
Eric  Nicolinia,  Karyne  Rogersb,∗, Delphine  Rakowskic
a Laboratoire Géosciences Réunion, Faculté des Sciences, Université de La Réunion, BP 1500, 97490 Sainte Clotilde, France
b GNS Science, National Isotope Centre, PO Box 31-312, Lower Hutt, New Zealand
c Consultante en Environnement, Terr’eau, BP 172, 98820 We,  Lifou, New Caledonia
a  r  t  i c  l  e  i  n  f  o
Article history:
Received 21 April 2015
Received in revised form 5 October 2015
Accepted 14 November 2015
Available online 31 December 2015
Keywords:
Reef islands
Precipitation
Karstic aquifer
Hydrogeology
Stable isotopes
Nitrates
a  b  s  t  r  a  c  t
Study  region:  Lifou  Island,  near  the  main  island  of  New  Caledonia.
Study  focus:  Stable  oxygen  and hydrogen  isotopes  of groundwater  and  rainfall  were  used
to characterise  baseline  values  for the main  fresh  water  aquifer  of Lifou  Island  and  describe
its recharge.  Other  stable  isotope  parameters  (nitrates  and  DIC)  were  used  to  investigate
the  interaction  between  surface  water  (rainfall)  and  groundwater,  including  anthropogenic
effects from  human  activities.
New  hydrological  insights  for  the  region:  This study  represents  the  ﬁrst baseline  isotopic  char-
acterisation  of  Lifou  Island’s  groundwater  aquifer  composition  and  provides  a reference  for
future  investigative  studies  on groundwater  quality  and security.  Groundwater  sampled
in June  and  October  2012  had nearly  identical  isotopic  composition.  Tap  water  sampled
monthly  between  February  2012  and  January  2014  also  had  a constant  isotopic  composi-
tion similar  to the groundwater.  Groundwater  recharge  was  found  to occur  when  monthly
precipitation  exceeded  140  mm,  with  the recharge  cycle  representing  20–30%  of  the annual
rainfall.  Relationships  between  HCO32− content,  pH,  soil  13C DIC  and  satellite  photo  inter-
pretation  suggests  a variance  of  soil pCO2, which  is  explained  by  different  vegetation  cover
and higher  water  use  efﬁciencies  in  forested  areas  (high  pCO2, more  negative  13C isotope
values).  The  15NNO3 values  for most  groundwater  indicate  they  are  uncontaminated  with
anthropogenic  nitrates,  although  some  samples  taken  in October  (dry  season)  showed  a
slight denitriﬁcation,  possibly  of natural  origin.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Climate change, urbanisation, increasing agricultural practices and human activities threaten the quality and security of
drinking water resources of small tropical islands. We  present the ﬁrst hydrogeological karstic aquifer study of Lifou Island,
near New Caledonia, and use stable isotopes to provide an initial assessment of precipitation (oxygen and hydrogen) and
groundwater (oxygen and hydrogen in water, dissolved inorganic carbon (DIC), and oxygen and nitrogen in nitrates). This
baseline study describes and characterises the initial isotopic state of the hydrological sheet and determines the interaction
between surface vegetation, human activity, the freshwater lens and sea water to provide a starting point for protecting
Lifou’s groundwater.
∗ Corresponding author. Fax: +64 4 5704656.
E-mail address: k.rogers@gns.cri.nz (K. Rogers).
http://dx.doi.org/10.1016/j.ejrh.2015.11.014
2214-5818/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Karst aquifers are important water resources that supply fresh water to about 25% of the world’s population (Ford
nd Williams, 1989) and are found mainly in large sedimentary basins and mountain ridges although they also cover many
plifted reef islands. Both continental and island karstic aquifers have the same vertical structure: the epikarst, or “skin” of the
arst (Williams, 2008) is the weathered zone of enhanced porosity on, or near, the surface (Jones et al., 2004). Water percolates
own through the vadose zone which, in turn, recharges the saturated or phreatic zone. Large island karstic aquifers (e.g.
uerto Rico, Jamaica) are indistinguishable from tropical continental karstic aquifers as they have no freshwater/seawater
ixing and therefore are not affected by sea-level change. In contrast, small carbonates islands affected by tectonic uplift and
ubsidence overprinted by glacio-eustasy display speciﬁc characteristics which inﬂuence the circulation of groundwaters.
A key karstic aquifer characteristic is its porosity, and the development of carbonate island karst is partly controlled
y meteoric diagenisis and dissolution of the host rock (Mylroie and Vacher, 1999). The perculating fresh water inﬁltrating
ssures is predominantly diffuse, obviating surface ﬂow and subsurface conduit transport, typical of classical karsts (Taborosi
t al., 2004). Large dissolution voids called ﬂank margin caves form preferentially in the discharging margin of the freshwater
ens resulting from freshwater/salt-water mixing dissolution. Similarly, smaller dissolution voids also develop at the top of
he lens where vadose and phreatic fresh-waters mix  (Mylroie and Carew, 2003).
It is difﬁcult to exhaustively classify hydrogeological characteristics of tropical islands due to their physical diversity,
hanging climatic patterns and past geological events; however, Mylroie et al. (2001) integrated a systematic geomorphic
escription of small carbonate islands located in the Atlantic–Caribbean to propose a Carbonate Island Karst Model (CIKM)
hich they used to describe these unique small carbonate island karsts.
Freshwater springs (commonly found in massive continental karst formations) are not usually found on karstic islands
o it can be difﬁcult to correlate small karstic island aquifer recharges with rainfall events which recharge these aquifers
hrough diffuse inﬁltration caused by high porosity (∼45%). Instead, coral reef carbonate islands such as Barbados Islands
ely on the vadose zone for recharge, where the ﬂow can be distinguished by two modes: minutes to days for water seeping
hrough sinkholes, and days to several months for diffuse inﬁltration (Senn, 1946; Bakalowicz, 1995, 2013; Mwansa and
arker, 1996; Smart and Ketterling, 1997).
The fresh groundwater lens under karstic island aquifers is highly vulnerable to urban and agricultural pollution due to
igh permeability and little or no surface runoff. Currently the environmental pressures on Lifou’s drinking water resources
re low due to a small, well dispersed population across the island, smaller family-run farms, and virtually no industrial
ctivity. However, there is a growing need to survey drinking water quality and recharge, in order to understand baseline
haracteristics and monitor changes due to these increasing anthropogenic stressors and climate change events in the future.
In the past, the water recharge in karstic island environments was usually estimated by various conventional methods
uch as changes in groundwater chlorine and tritium, estimation of coastal discharges, and soil moisture measurements
sing lysimeters and seepage meters. More recently, water and environmental isotopes have been used as a valuable tool
o provide more detailed information regarding water quality, inﬁltration and recharge timing (Tarhule-Lips, 1999; Jones
nd Banner, 2003), although integrated rainfall, drinking water and aquifer isotope studies including nitrate assessments,
articularly of South Paciﬁc tropical islands, are still rare.
. Study area
.1. Geology
Lifou Island (part of the Loyalty Islands) is located in the southwestern Paciﬁc Ocean, (Fig. 1). Situated on the western
dge of the Australian plate, it is part of a series of raised atolls arranged parallel to the main island of New Caledonia and
eparated by the Loyalty Trench. The Loyalty Islands were uplifted during the Pleistocene by a lithostatic fore bulge created
y the Australian plate as it approached the New Hebrides subduction zone (Dubois et al., 1974).
Lifou, the largest of these atolls with an area of 1150 km2, consists of an external band of uplifted corals (up to a maximum
f 100 m asl.), and its interior is dominated by a carbonate platform of up to 40 m asl. consisting mainly of limestone and
hodolites associated with Miocene to Pliocene biodetritic sediments (Maurizot and Lafoy, 2003). The central part of the
rosion platform is karstiﬁed while the outer part of the reef contains biodetritic formations bordering both sides of the reef
rown. The island has also undergone Quaternary eustatic sea-level change.
.2. Climate and vegetation
The Loyalty Islands are subject to tropical and temperate inﬂuences from two key seasons driven by the ITCZ (Inter
ropical Convergence Zone) and SPCZ (South Paciﬁc Convergence Zone) with minimum and maximum annual temperatures
f 19.7 and 27.1 ◦C respectively (Météo-France Atlas Climatique de la Nouvelle-Calédonie, 2007). A warm season occurs
n the ﬁrst trimester where a tropical inﬂuence dominates and maximum rainfall is around 40% of total annual rainfall. A
ool season occurs from June to September when polar disturbances move northwards. The average rainfall is 1742 mm per
ear, with 1011 mm falling in the rainy season (January–April, Fig. 2) and 731 mm falling in the dry season (May–December,
ig. 2). High spatial variability in precipitation may  explain irregular rainfall data across the island (Hapetra: 210 mm and Mu:
11 mm in March 2012) and inter-annual variations (Wanaham: 55.9 mm in November 2011 and 188.6 mm  in November
116 E. Nicolini et al. / Journal of Hydrology: Regional Studies 5 (2016) 114–130Fig. 1. Hydraulic map  of Lifou, Loyalty Islands. Symbols: black stars = piezometers, red squares = rain gauges, blue dots = water wells, yellow dots = coastal
fresh water seeps. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web  version of this article).
2012). During the two year study period (February 2012 to January 2014) precipitation at Wanaham was  almost identical
each year (1835 and 1703 mm respectively) and close to the annual 30-year Standard Normal rainfall (1742 mm).
Around 70% of Lifou Island is covered by dense virgin rainforest, where the height of the upper branches of the trees
does not exceed 20 m.  The remaining surface area is composed of old abandoned ﬁelds taken over by secondary vegetation
(25% thickets) with invasive plants, and ﬁelds (5%) which are currently cultivated (but in the past have undergone slash
and burn), with low levels of soil organic matter (SOM) and shallow root systems (Jaffré and Veillon, 1987). Many invasive
plants have been introduced and invaded the non-forested areas, including Chlerodendron speciossimum, Acacia spirorbis,
Lantana camara, Ricinus communis, Pluchea odorata, Nephrolepis hirsutala and Gaiacum ofﬁcinale which thrive in this tropical
environment.
2.3. HydrogeologyGroundwater recharge on Lifou is estimated to be 450 mm in an average year (February–July; Fig. 2; Brunet, 1975). High
permeability, fractures and high porosity of the altered biodetrital formation explains the fast inﬁltration and the absence
of surface runoff.
E. Nicolini et al. / Journal of Hydrology: Regional Studies 5 (2016) 114–130 117
a
t
s
s
p
b
1
a
a
p
i
l
t
E
s
T
o
t
w
T
o
2
a
3
3
s
p
o
rFig. 2. Monthly average precipitation (mean weighted, black), evapotranspiration (grey) and recharge (white) at Wanaham over a 1 year period.
The freshwater lens is continuous under the entire surface of the island (Fig. 1). It has a piezometric dome in the north
nd two in the south (1.7, 2.5 and 3.5 m asl respectively). The presence of a salt wedge, estimated at 140 m depth under
he main piezometric dome at 3.5 m asl, requires multiple fresh water wells (42 wells) across the island to ensure a reliable
upply of fresh groundwater to the local population, and accounts for an annual consumption of 0.4% of the groundwater
torage (A2EP, 1993). Groundwater naturally discharges at the coast as diffuse or localized (discrete) sources with the local
opulation calling these discharges ‘Wacitr’. During heavy rainfall, an increase in freshwater discharging from these natural
each springs is observed, as well as a lowering of the saltwater–freshwater interface (Maurizot and Lafoy, 2003; A2EP,
993).
In tropical islands or regions with monsoon climates and GNIP network stations, Dansgaard (1964), Rozanski et al. (1993)
nd Hoffmann and Heimann (1995) found a correlation between monthly precipitation and isotopic composition. Higher D/H
nd 18O values were observed during months with less rainfall, and lower D/H and 18O values during months with higher
recipitation. The Dansgaard correlation was called the Amount Effect and can be attributed to a number of factors: (1) the
sotopic value of the condensate in a cloud decreases as cooling and ‘rainout’ proceeds, (2) smaller raindrops equilibrate to a
arger degree with the water vapour and temperature conditions below the cloud, and (3) small raindrops evaporate more
han larger raindrops as they fall (Dansgaard, 1964). Rozanski et al. (1993) offered additional explanations for the Amount
ffect, including higher rain intensity and a greater extent of ‘rainout’ in convective clouds (Yapp, 1982).
Stable isotope ratios of nitrates (18O and 15N) have proven to be a useful tool for investigating anthropogenic nitrates
ources and nitrogen cycling in forested watersheds (Spoelstra et al., 2001; Burns and Kendall, 2002; Sickman et al., 2003).
he process by which organic nitrogen compounds are reconverted to nitrate is usually termed mineralisation and consists
f ammoniﬁcation (Norg → NH4+) and nitriﬁcation (NH4+ → NO3−). During the latter process, laboratory studies have shown
hat for the conversion of ammonium to nitrate by chemolithoautotrophic bacteria, two oxygen atoms are derived from
ater and one from atmospheric O2 (Aleem et al., 1965; Andersson and Hooper, 1983; Kumar et al., 1983; Hollocher, 1984).
herefore, Eq. (1) can be used to calculate microbial nitrate 18O values from the 18O-H2O of available water and the 18O
f atmospheric O2.
18ONO3(microbial) =
1
3
(18Oatm) + 23 (
18OH20) (1)
Usually 18O values for surface water ranges from −25 to +4‰ and atmospheric O2 is around +23.5‰  (Kendall et al.,
007). Therefore, the 18O value of soil microbial NO3 produced from in situ nitriﬁcation is predicted to be between −10
nd +10‰ (Kendall, 1998).
. Sampling and analytical procedures or sampling and methods
.1. Water collection
Groundwater was sampled at 25 sites distributed over the entire island representing both central and peripheral coastal
ites (Fig. 1). Of these 25 sites, 17 sites corresponded to either drinking water wells or irrigation wells for agricultural
urposes, and 8 sites corresponded to freshwater seeps and springs (Wacitr) issuing from the aquifer which were located
n beaches. These seeps and springs were partially mixed with sea water and were sampled at low tide at the end of the
ainy season (June 2012), and also at the end of the dry season (October 2012).
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Cumulative monthly precipitation was sampled at Jozip between 1st February 2012 to 31st January 2014 and collected in
a plastic container preﬁlled with 100 ml  of mineral oil to prevent evaporation. A funnel was attached through the container
cap which was screwed onto the collection container to collect rain water. An estimation of total rainfall was made from the
collection surface area of the funnel and the amount of rain collected in the container. All samples were ﬁltered (0.45 m,
Whatman) and divided into ten separate 30 ml  vials immediately after sampling.
3.2. Water chemistry
Temperature, pH and conductivity were measured with a hand-held ﬁeld device (Cyberscan PC 300, Eutech Instruments).
Alkalinity was obtained by pipette titration with a Hach Digital Tritrator using a sulfuric acid solution (0.16 N).
Electric conductivity (EC), pH and temperature were measured at the time of sampling and alkalinity within 12 h. Log
pCO2 was calculated using;
LogpCO2 = logaHCO3−-pH – log K0 – log K1,
where a is activity of HCO3− and K0, K1 are dissociation constants of CO2 gas and H2CO3. The conductivity of the 8 seeps and
springs located on the beaches was measured to assess the ratio (A) of fresh water mixed with seawater. A dilution factor
was calculated from the conductivity of water samples using the following equations:
Using X + Y = 1[where X = %freshwater and Y = %seawater]
A = 490 ∗ (X) + 5240011Conductivity ofa pure fresh water sample was  estimated as 490 S/cm
(average conductivity of freshwater sampled in the center of the island) and pure seawater was measured at 52,  400 
(Y)[where A = conductivity of the mixed water]
This ratio was also used to correct the isotope values of the 8 freshwater spring samples where
18Ofreshwater =
18Omixedwater
X
[where X = (52400 − A)(52400 − 490)]
3.3. Groundwater recharge
Groundwater recharge is estimated by 2 methods: (1) using oxygen isotopic composition of groundwater and rainwater
and associated rainfall and (2) measurement method using water balance based on potential evapotranspiration (PET).
It is assumed that the oxygen isotopic composition of groundwater is the weighted average of rainwater that actually
inﬁltrates to the water table (Jones et al., 2000). The weighted average 18O value of rainwater that contributes to recharge
is determined by:
18Ogroundwater =
[n(18Orainwater × Pmonth)]
nPmonth
(2)
where, n is the number of individual months (taken from the entire data set) used to determine the weighted average;
18Ogroundwater is the oxygen isotopic composition of groundwater, 18Orainwater is the oxygen isotopic composition of
rainwater; Pmonth is monthly rainfall for a speciﬁc month (mm).
Then to get n, we sort monthly precipitation amount into descending order and calculate step by step Eq. (2) starting
from n = 1, the highest precipitation, to n corresponding to the sum of all precipitation to obtain the average 18Ogroundwater
in Eq. (2). Thus the cumulative monthly values are used to determine those combined months where the 18Ogroundwater
values satisfy the above assumption. The threshold of inﬁltrating rainwater corresponds to the lowest cumulative monthly
precipitation in the left part of Eq. (2).
(2) Another method to determine the isotopic fractionation of rainwater as it ﬁlters through to groundwater uses a
soil moisture balance approach. This method estimates groundwater recharge from the difference between the inﬂow and
outﬂow of water. The maximum amount of water that the soil can hold is called the ﬁeld capacity and depends on soil
properties like soil texture and organic matter content. In Lifou, Brunet (1975) estimated the soil ﬁeld capacity to be 120 mm.
The annual soil water balance can be represented by:
Gar = 1–12(Pmonth − Emonth + S  − R0) (3)
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here: Gar = annual recharge, Pmonth = monthly precipitation, Emonth = monthly evapotranspiration, S  = change in soil water
torage, R0 = surface run-off [note: there is no run-off on Lifou]. Then:
18Ogroundwater =
[n(18Orainwater × (Pmonth− − 120))]
nPmonth
(4)
here ﬁeld capacity = 120 mm and n = number of months when Pmonth – Emonth > 120 mm
Emonth has been calculated as 9 years by four climatologic formulas (Brunet, 1975). The author concludes that these
ormula give comparable results with a mean annual ETP of 1300 +/− 60 mm.
.4. Satellite photos
The isotopic inﬂuence of vegetation cover on groundwater 13CDIC values was investigated using satellite photos. We  used
andsat (30 m resolution) and Spot (10 m resolution) images taken in 2012 at a 1:10 000 scale. For each catchment, a rect-
ngular surface (L = 1000 m,  l = 500 m)  was plotted and located upstream of a well and centered on a ﬂow line perpendicular
o the piezometric line. At each site, we also estimated the vegetated surface area (0–100%) from satellite photos.
.5. Stable isotopes
Monthly groundwater and tap water compositions from Jozip were measured for water (DGW, 18OGW), nitrate (15NNO3,
18ONO3) and dissolved inorganic carbon (13CDIC) isotopes. Cumulative monthly precipitation (rainfall) was  also taken at
ozip and measured using isotope analyses (Drain, 18Orain).
Stable isotopes were conducted at the Stable Isotope Facility, University of California Davis, USA and Stable Isotope
aboratory, GNS Science, Lower Hutt, New Zealand. Water isotopes were determined using a Laser Water Isotope Analyzer
2 (Los Gatos Research, Inc. Mountain View, CA, USA) and provided a simultaneous analysis of 18O and D values in water
amples. A range of working standards were calibrated and normalized against IAEA standard reference materials (V-SMOW,
ISP, and SLAP). Precision of water samples is typically ±0.15‰ for 18O and ±1.0‰ for D (2) and reported relative to
-SMOW.
Dissolved inorganic carbon (DIC) concentration was  determined in water samples by titration using 0.16 N sulfuric acid.
arbon (13CDIC) isotope values of water were analysed using a Thermo LC IsoLink system interfaced to a Thermo Finnigan
elta Plus Advantage IRMS (LC–IRMS, Thermo Scientiﬁc, Bremen, Germany). Water samples (1–4 ml)  are injected into evac-
ated 12 ml  septum capped vials (Exetainers, Labco, High Wycombe, UK) containing 1 ml  85% phosphoric acid. The evolved
O2 was purged from vials through a double-needle sampler into a helium carrier stream (20 ml/min). The CO2 was  passed
nto the IRMS through a Poroplot Q GC column (25 m × 0.32 mm ID, 45 ◦C, 2.5 ml/min). A reference CO2 peak was used to
alculate provisional delta values of the sample CO2 peak. Final 13C values were obtained after normalizing the provisional
alues to laboratory standards. Two laboratory standards were analyzed with every 10 samples. The laboratory standards
ere lithium carbonate dissolved in degassed deionized water and a deep seawater reference material (both calibrated
gainst NIST 8545). Precision of DIC samples is typically ±0.3‰ for 13C (2) and reported relative to V-PDB.
Samples were also prepared and analyzed for nitrate isotopes (15NNO3 and 18ONO3) using the bacterial denitriﬁcation
ethod (Sigman et al., 2001), as outlined in previous studies (Payet et al., 2010; Rogers et al., 2012). 15NNO3 and 18ONO3
alues were measured using a Thermo Finnigan GasBench and PreCon track gas concentration system interfaced to a Delta V
lus Thermo Scientiﬁc isotope ratio mass spectrometer (Bremen, Germany). The calibration standards were nitrate reference
aterials USGS 32, USGS 34, and USGS 35, supplied by NIST (National Institute of Standards and Technology, Gaithersburg,
D). Additional standards were included in each batch to monitor and correct for instrumental drift and linearity. Precision
f nitrate analyses is typically ±0.3‰ for 15N and ±0.5‰ for 18O (2) and reported relative to AIR for 15N and V-SMOW
or 18O.
Soil Organic Matter (SOM) and 13CSOM of two major soil groups (forest and thickets respectively) were analyzed from
oils sampled at 10 cm depth. Soils were ﬁnely ground, and split into two  portions. One portion was  run using EA-IRMS
ithout any pretreatment to determine %C (Total carbon), %N, 13C (total carbon) and 15N values. The other portion was
reated with 1 N HCl to remove any soil carbonates, neutralised, dried, weighed and packed into tin capsules for analysis
f total organic %C and 13C values. Isotopic composition (with a precision of 0.1‰ for 13C and 0.1‰ for 15N) and %C
nd %N content were measured at the Stable Isotope Laboratory, GNS Science, Lower Hutt, New Zealand, using an Isoprime
sotope ratio mass spectrometer, interfaced to an EuroEA elemental analyser in continuous-ﬂow mode (EA-IRMS). Results
ere expressed in conventional delta notation (), deﬁned as the part per thousand (‰), according to the following equation
Peterson and Fry, 1987):
X =
[(
Rsample
Rstandard
)
− 1
]
× 1000here Rsample and Rstandard are the fractions of heavy to light isotopes in the sample and standard, respectively. The 13C
nd 15N isotopes were measured relative to international standards; Vienna PeeDee Belemnite for carbon (VPDB) and
tmospheric air for nitrogen.
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Table  1
Field data of the groundwater from Lifou sampled during June 2012 (1) and October 2012 (2): W = brackish coastal seep, I = irrigation well, D = drinking
water well.
Site Sample pH T ◦C C mS cm−1 HCO3 mgl log pCO2
ID ID 1 2 1 2 1 2 1 2 1 2
1 Sample 7.54 7.75 22.8 21.9 3360 1465 225.6 225.6 −2.2 −2.4
2  ID 7.38 7.50 22.1 21.9 4610 3260 266.8 249.0 −1.9 −2.1
3  EJENGEN W 7.5 7.66 21.7 21.5 11300 6190 187.0 165.3 −2.2 −2.4
4  KIKI W 7.25 7.37 21.5 21.5 14260 15530 266.1 235.3 −1.7 −1.9
5  DREULU W 7.45 7.88 22.1 21.5 10700 12360 247.0 233.4 −2.0 −2.5
6  TRAPUT W 7.46 7.52 22.5 22.3 6730 7920 215.9 202.3 −2.1 −2.2
7  JOZIP W 7.49 7.67 22.4 21.7 13860 13120 227.6 200.3 −2.1 −2.3
8  LUECILLA W 7.35 7.44 22.4 22.1 15290 15050 215.1 200.3 −1.9 −2.1
9  MU W 7.35 7.37 23.7 23.0 475 519 258.3 252.8 −1.9 −1.9
10  INAGOJ W 7.62 8.05 23.0 23.4 567 595 234.6 233.4 −2.2 −2.7
11  HNACAOM I 7.44 7.62 22.4 22.0 367 437 195.5 190.6 −2.1 −2.3
12  WAIMENE I 7.70 7.92 22.3 22.2 294 353 150.0 157.5 −2.5 −2.7
13  HNADRO I 7.69 7.82 21.9 21.2 460 487 155.6 143.9 −2.5 −2.7
14  HMELEK I 8.04 8.14 23.5 23.3 329 360 153.5 138.1 −2.8 −3.0
15  HAPETRAI 7.37 7.40 22.8 22.7 501 519 252.8 241.2 −1.9 −2.0
16  WANAHAM D 7.38 7.41 22.6 22.2 1682 1681 254.4 243.1 −2.0 −2.0
17  HNATHALO D 7.38 7.32 23.3 22.7 542 558 287.9 264.5 −1.9 −1.9
18  XEPENEHE D 7.35 7.38 22.3 22.2 561 578 251.7 233.4 −1.9 −2.0
19  HNANG D 7.59 7.56 22.0 21.6 543 600 152.7 223.7 −2.4 −2.2
20  WAIMENE D 7.40 7.64 21.9 21.6 788 872 196.5 171.2 −2.1 −2.4
21  DREHULU D 7.59 7.77 22.2 21.8 377 401 171.0 161.4 −2.3 −2.5
22  KEDEIGNE D 7.01 7.19 21.8 21.8 1066 1148 350.1 322.9 −1.5 −1.7
23  HNAMAN D 7.2 7.34 22.0 21.8 546 617 284.7 264.5 −1.7 −1.9
24  TRAPUT D 8.45 8.70 23.8 25.4 328 355 169.2 163.4 −3.2 −3.5
25  JOZIP D 7.51 7.60 23.1 22.7 402 478 204.2 198.4 −2.2 −2.3
4. Results and discussion
4.1. Hydrochemistry
Water chemistry of the 25 springs and wells sampled in June and October 2012 are listed in Table 1. All chemical param-
eters, except temperature, varied considerably between the various sampling sites (values ranged between 7.0 and 8.5 for
pH, 294 and 1682 S/cm for EC, 150 and 300.1 mg/l for HCO3− and −3.2 and −1.5 for log pCO2). Higher pH values (>7)
show higher bicarbonate dissolution and are conﬁrmed by elevated HCO3− content. Seawater inﬁltration is characterised
by a higher electrical conductivity of brackish water samples (samples 1–8), although this contamination is absent in the
other wells. Chemical analysis of the main cations and anions has previously been performed (A2EP, 1993) and the waters
generally characterised as HCO3–Ca–Mg type, indicating extensive dissolution of carbonate and dolomite rocks.
A strong correlation is usually found between EC, HCO3, soil log pCO2, pH and temperature (Clark and Fritz, 1997). While
groundwaters from Lifou show a good correlation between HCO3− levels and carbonate dissolution due to localised soil
pCO2 and vegetation cover, they do not show strong seasonal variations between June (end of wet  season) and October (end
of dry season) like most temperate regions.
4.2. Oxygen and deuterium
4.2.1. ı18O and D/H values of rainfall
The stable isotope (18O and D/H) values of 23 monthly rainfall samples from Jozip (collected between February 2012
to January 2014) ranged between −1.29 and −8.32‰ for 18O and 2.6 and −53.8‰ for D/H respectively (Fig. 1, Table 2).
These monthly results lie along the local and global meteoric water line (LMWL  and GMWL,  Fig. 3) and indicate that the
precipitation was not affected by evaporation.
The range of 18O and D/H values found in monthly precipitation sampled near Jozip (Fig. 1) showed a clear seasonal
trend linking seasonal isotopic rainwater ﬂuctuations to the monthly rainfall (Fig. 4). On Lifou Island, despite the limited
number of monthly precipitation events collected (n = 23), this correlation was fairly high, with r2 = 0.65 (p = 0.0025). During
the rainy season (December–April), rainwater composition had more negative 18O values (mean value of −5.8‰)  and more
positive 18O values than in the dry season (mean value of −4.0‰,  May–November, Fig. 3).4.2.2. ı18O and D/H values of groundwater
Twenty ﬁve groundwater samples collected during the rainy and dry seasons (June and October 2012 respectively,
Table 2), plotted on the meteoric water line similar to the corresponding precipitation, however several of the June 2012
samples are located to the left of the line (Fig. 3). This slight offset is most likely explained by an inﬂux of precipitation in the
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Table 2
Geochemical analyses of the groundwater from Lifou sampled during June 2012 (1) and October 2012 (2): W = brackish coastal seep, I = irrigation well, D = drinking water well.
Site Sample 18O-H2O (‰) D-H2O (‰) 13CDIC(‰PDB) 15 N-NO3− vs. Air 18O-H2O (‰)  mg/l NO3 mg/l P(Wan) mm 18O value D value 18O value D value
ID ID 1 2 1 2 1 2 1 2 1 2 1 2 Month RAIN RAIN RAIN TAP TAP
1 EJENGEN W −5.5 −5.5 −29.4 −31.7 −11.8 −11.4 3.7 3.4 1.9 3.8 3.8 3.4 02/12 144.8 −2.5 −7.9 −5.7 −33.1
2  KIKI W −5.9 −6.1 −31.5 −34.9 −14.2 −14.1 2.9 4.6 −0.9 0.4 1.3 1.2 03/12 344.6 −5.7 −31.5 −5.8 −32.7
3  DREULU W −6.1 −6.1 −33.5 −34.5 −10.6 −9.7 1.6 2.4 −2.0 0.2 1.2 1.4 04/12 203.2 −7.9 −48.7 −5.8 −33.0
4  TRAPUT W −5.8 −5.5 −29.4 −32.1 −14.5 −14.9 2.9 6.4 −0.9 7.1 1.4 0.5 05/12 61.6 −2.4 −3.9 −5.8 −31.3
5  JOZIP W −5.9 −5.0 −30.5 −28.3 −13.9 −13.6 6.4 Below LOQ −1.8 Below LOQ 2.1 0.8 06/12 151.8 −4.3 −19.8 −5.7 −31.4
6  LUECILLA W −5.9 −6.0 −32.8 −34.6 −11.9 −12.2 4.7 3.6 0.4 2.1 2.2 1.9 07/12 39.6 −1.6 3.6 −5.8 −33.2
7  MU  W −5.4 −4.8 −27.9 −26.6 −14.3 −11.4 12.7 8.9 7.5 4.5 0.4 0.5 08/12 84.3 −5.0 −24.2 −5.7 −32.0
8  INAGOJ W −5.9 −6.0 −32.5 −32.2 −12.3 −11.9 4.1 7.0 −0.9 5.4 1.0 1.0 09/12 89.6 −1.3 2.6 −5.7 −32.8
9  HNACAOM I −5.9 −6.0 −34.6 −35.6 −12.4 −12.7 5.9 5.1 0.5 2.3 7.5 7.6 10/12 110.0 −5.0 −28.5 −6.0 −33.6
10  WAIMENE I −5.7 −5.6 −32.8 −32.3 −12.2 −10.5 3.0 4.6 0.7 3.5 2.9 2.3 11/12 188.6 −6.2 −36.6 −5.9 −34.8
11  HNADRO I −5.5 −5.6 −32.2 −32.9 −10.1 −10.2 2.1 3.8 0.4 5.0 1.8 1.6 12/12 232.4 −3.8 −18.1 −5.9 −34.5
12  HMELEK I −5.7 −5.8 −33.6 −33.7 −9.1 −9.1 3.2 Below LOQ −0.7 Below LOQ 1.3 0.6 01/13 184.7 −2.2 −4.6 −5.8 −33.7
13  HAPETRAI −5.9 −6.1 −34.6 −34.9 −9.2 −9.1 3.2 4.2 −0.6 1.8 1.5 0.7 02/13 136.2 −5.4 −34.0 −5.8 −34.5
14  WANAHAM D −5.7 −5.6 −33.9 −33.7 −7.3 −7.2 3.8 3.2 0.5 2.3 3.9 3.7 03/13 283.5 −7.3 −47.4 −5.9 −35.0
15  HNATHALO D −6.2 −6.1 −37.3 −37.2 −13.2 −13.4 3.5 3.3 0.3 0.6 1.9 1.2 04/13 250.0 −5.8 −33.0 −5.8 −35.0
16  XEPENEHE D −6.0 −6.1 −35.8 −35.4 −13.4 −13.6 2.2 1.8 −0.8 0.3 1.8 1.5 05/13 134.8 −4.7 −20.1 −5.8 −33.9
17  HNANG D −5.9 −6.1 −35.3 −35.4 −13.0 −13.3 3.6 3.2 0.6 2.2 3.2 2.8 06/13 252.4 −4.8 −25.3 −5.8 −33.8
18  WAIMENE D −5.7 −5.9 −32.7 −33.8 −12.5 −12.6 3.0 2.3 −0.9 2.2 1.1 1.0 07/13 53.0 −2.0 −3.0 −5.9 −33.8
19  DREHULU D −5.8 −5.7 −34.3 −34.2 −9.0 −8.8 2.9 4.5 −0.4 3.2 2.1 1.6 08/13 18.8 No sample No sample −5.9 −33.3
20  KEDEIGNE D −5.7 −5.7 −33.2 −34.1 −10.4 −10.3 2.7 8.3 −0.7 5.4 1.9 0.8 09/13 36.2 −3.3 −18.9 −5.9 −34.4
21  HNAMAN D −5.9 −5.9 −34.8 −35.4 −9.9 −9.7 2.8 2.9 −2.4 0.2 1.2 0.9 10/13 65.1 −5.9 −36.5 No sample No sample
22  TRAPUT D −5.8 −5.6 −32.3 −32.3 −13.8 −14.2 3.0 4.3 0.2 3.7 2.3 1.4 11/13 75.7 −8.3 −53.8 −5.8 −33.9
23  JOZIP D −5.8 −5.7 −30.9 −33.0 −13.0 −13.1 3.1 9.1 −0.7 10.1 1.4 0.9 12/13 117.6 −4.3 −25.7 −5.9 −36.1
24  INAGOJ D −5.7 −5.4 −29.9 −29.6 −4.2 −3.5 7.9 8.0 −5.5 −4.5 2.0 1.4 01/14 280.1 −8.2 −56.6 −6.0 −36.3
25  MU  D −5.2 −5.1 −30.2 −30.3 −11.3 −10.8 3.3 4.3 0.6 3.8 3.6 2.7
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Fig. 3. Meteoric rainwater line at Jozip from Feb 2012 to Jan 2014 (grey dots), groundwater at Jozip (June 2012, black cross), 25 groundwaters sampled
around the island in June 2012 (black dots) and October 2012 (white dots).Fig. 4. Seasonal variation of rainfall and oxygen isotope composition on Lifou, measured between February 2012 and July 2013. (Grey circle represents an
unusual meteoric event).
weeks prior to sampling in June, during the warm,  rainy season, which may  lightly affect the overall isotopic composition
of the aquifer.
4.2.3. Recharge estimation
While Lifou had a wide range of precipitation isotope values over the two  year study (18O values of −8.3 to −1.3‰),  the
isotopic composition of the underground freshwater lens had a much narrower range and remained stable over the survey
period (average 18O values in June and October of −5.8 and −5.7‰ respectively, Fig. 5). Similar observations (Jones et al.,
2000; Jones and Banner, 2003) have been made for some other raised karstic tropical islands such as Guam, Puerto Rico and
Barbados, which are similar in size to Lifou Island.
18Using the ‘Amount Effect’ of precipitation and  O values of groundwater and rainfall, it is possible to calculate aquifer
recharge using associated rainfall data.
The average weighted monthly 18Orainwater (left side of Eq. (2), −5.2‰,  Fig. 5) is not equal to the average 18Ogroundwater
isotopic composition (right side of Eq. (2), −5.8‰)  because this equation does not account for any rainfall evaporation
E. Nicolini et al. / Journal of Hydrology: Regional Studies 5 (2016) 114–130 123
o
m
r
t
P
w
M
a
a
r
h
(
i
a
w
s
w
r
a
v
J
m
t
F
c
m
a
r
l
k
ﬂ
f
4
2
2Fig. 5. Range of precipitation and groundwater 18O values.
r evapotranspiration and therefore average monthly 18Orainwater values will always be more enriched than average
onthly 18Ogroundwater values. To ensure Eq. (2) is balanced, essentially only rainfall occurring during groundwater
echarge should be taken into consideration. After ranking precipitation amount in a descending order, Eq. (2) indicates
he average 18Ogroundwater value and is equal to the weighted average 18Ogroundwater value of −5.8‰ only when rainwater
month > 140 mm.  Therefore, recharge represents the ratio of the sum of rainfall that inﬁltrates the water table and occurs
hen the monthly rainfall exceeds 140 mm.  For 2012 and 2013, the only month where rainfall exceeded 140 mm was in
onth 7 and 4 (470 and 506 mm respectively). These rainfall events correspond to an effective recharge inﬁltration of 26%
nd 29% of annual precipitation.
Another method which can be used to evaluate evapotranspiration and determine the isotopic fractionation of rainwater
s it ﬁlters through to groundwater is by using a soil moisture balance approach. This method estimates the groundwater
echarge from the difference between the inﬂow and outﬂow of water. The maximum amount of water that the soil can
old is called the ﬁeld capacity and depends on soil properties like soil texture and organic matter content. In Lifou, Brunet
1975) estimated the soil ﬁeld capacity to be 120 mm,  and can generally be considered uniform across the island because the
nner part of the island consists mainly of biodetritical sediments originated from dismantling of the reef crown (Maurizot
nd Lafoy, 2003). The annual soil water balance can be represented by:
Gar = 1–12(Pmonth – Emonth + S  − R0) (3)
here: Gar = annual recharge, Pmonth = monthly precipitation, Emonth = monthly evapotranspiration, S  = change in soil water
torage, R0 = surface run-off [note: there is no run-off on Lifou].
18Ogroundwater = n
[
18Oi × (Pmonth − Emonth)i
(Pmonth − Emonth)I
]
(4)
here ﬁeld capacity = 120 mm and n = number of months (i) when Pmonth − Emonth > 120 mm.  Using Eq. (3), the annual
echarge Gar represents 20% of the annual rainfall (1835 mm)  which fell during the period (February 2012 to January 2013)
nd 24% (1703 mm)  in the period which fell during the period (February 2013 to January 2014).
Using Eq. (4), the 18O of the groundwater recharge for both annual periods is the same (−5.8‰,  and also similar to the
alue calculated with Eq. (2)). Monthly rainfall exceeds 120–140 mm/month during the wet  season (January–April), and in
une. This suggests the aquifer recharge period on Lifou is about 4–6 months, which is much longer than on Barbados (one
onth) and would explain the high estimated recharge rates.
Therefore, we can estimate groundwater recharge on Lifou using two different approaches: (1) a minimum precipitation
hreshold of 140 mm (Eqs. (2) and (3)) and (2) water balance from the soil over the two  year study period (Eqs. (3) and (4)).
rom these equations, the 18O groundwater value (−5.8‰)  can be determined, which is the same as the average isotopic
omposition of the 25 groundwater samples collected in June 2012 (−5.7‰)  and October 2012 (−5.8‰).
Using stable isotopes, we attempted to estimate mean transit time of precipitation into groundwater by comparing
aximum and minimum isotope values both in rain and at a spring source over a long term basis. The time shift was  used
s an indicator of transit time (Bakalowicz et al., 1974; Mueller et al., 1982; Stichler et al., 1997). On Lifou Island, monthly
ainfall isotopic compositions were variable (Fig. 6) while groundwater isotopic composition was highly buffered. This low
evel of groundwater variability suggests the system contains a large mixing reservoir as also observed for the Milandre
arst aquifer in the Swiss Jura (Perrin et al., 2003). In order to estimate accurate input and output concentrations, isotope
uxes should also be considered (Margrita et al., 1984). As we did not have access to equipment to measure ﬂow rate of
resh water springs, it was impossible to interpret the attenuation of the isotopic groundwater signal.
.3. DIC and ı13C of groundwaterPhysico-chemical and carbon isotopic data of 25 groundwaters acquired during two  sampling events in June and October
012 are listed in Tables 1 and 2. Groundwater 13CDIC values from wells and seeps ranged from −14.5 to −4.2‰ in June
012 at the end of the rainy season, and from −14.9 to −3.5‰ in October 2012 at the end of the dry season. The average
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Fig. 6. Monthly 18O values of rainfall (white dots) and groundwater (black dots) values from Jozip (February 2012 to May  2014).Fig. 7. Relationship between pCO2, HCO3 and 13C values in groundwaters.
13CDIC values were −11.2 and −11.5‰ in June and October respectively. A clear correlation is seen between bicarbonate
concentration and groundwater 13CDIC values, as well as pCO2 and groundwater 13CDIC values, where the higher DIC
concentrations corresponds to more negative 13CDIC values (Fig. 7).
Chemical and isotope 13CDIC values of unpolluted karstic groundwaters are primarily inﬂuenced by pH, temperature, soil
pCO2, 13C of overlying soil organic matter, 13C content of the carbonate rock, and the manner in which the rock is dissolved
or precipitated (Deines et al., 1974; Clark and Fritz, 1997; Kindler et al., 2011). Organic acids excreted by plants roots and
CO2 produced by respiration of plant roots react with inﬁltrating rainwater to produce carbonic acid, promoting dissolution
of the underlying carbonates (Li et al., 2005) The partial pressure of carbon dioxide (pCO2) in soils and groundwater is also
a function of microbial soil degradation and root respiration which increases pCO2 and dissolution (weathering by acids) of
inorganic carbonate (DIC).4.3.1. Landscape and vegetation
SOM from 20 soil samples sampled at 10 cm depth were determined using EA-IRMS. %C and %N was  39.4 and 2.2%
respectively (n = 12) for forest soils and 26.8 and 1.5% respectively (n = 8) for thickets. Higher SOM content was found in
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Table  3
Carbon and nitrogen isotope values and %C and %N content of invasive plants and a soil at 0, 0.5 and 0.7 m depth.
Invasive plants 13C (‰) %C  15N (‰) %N
Lantana camara −30.4 41.0 2.2 2.1
Pluchea odorata −30.6 42.8 −0.5 2.0
Ricinus  communis −29.0 43.3 7.1 5.2
Gaillaccum ofﬁcinle −29.7 47.2 −1.1 2.3
Chlerodendron speciossimum −27.9 44.4 −1.4 2.0
Nephrolepis hirsutala −26.8 39.4 −1.0 1.6
Soils 13C (‰) mean %C mean  15N (‰) mean %N mean
Forest soils (n = 12), TOC
Forest soils (n = 12)
TC −28.5 ± 0.6
−28.3 ± 0.7
39.4 ± 9.5
31.8 ± 6.0
2.0 ± 1.3 2.2 ± 0.4
Thicket soil (n = 8) TOC
Thicket soil (n = 8)
TC −27.6 ± 1.9
−26.7 ± 3.2
26.8 ± 12.5
20.7 ± 10.2
2.5 ± 1.2 1.5 ± 0.7
Fig. 8. Portion of satellite image of Lifou Island on which the landuse zone of forest and non-forested areas within a perimeter of 1 km by 500 m is calculated.
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cquired by the New Caledonian Government (2012) at a scale 1:10,000.
orest soils than in thicket soils due to increased leaf litter and higher organic matter preservation. Both soils had a good
inear correlation between %C and %N (r2 = 0.82, n = 20) with a decrease in %C and %N content and soil porosity following the
lash and burn crop sequence, which is typical of tropical low activity-clay soils (Casas et al., 1983; Gupta et al., 1989; Cerri
t al., 2007).
Soil 13CSOM values were −28.5‰ (forest) and −27.6‰ (thickets), with both soil types corresponding to C3 vegetation
Cerling et al., 1993; Deines, 1980; Smith and Epstein, 1971). Non-forested soils were partly covered with invasive plants,
f which six were analysed to investigate their photosynthetic pathway (Table 3). Their average 13C value was  −29.1‰,
orresponding to C3 vegetation, although more negative 13C values can also relate to lower water use efﬁciency (WUE)
f plants (Stevenson et al., 2010). Similar 13CSOM and 13C plant values show that despite vegetation diversity (forests,
eforested areas, cultivated ﬁelds, and invasive plants) the SOM is not inﬂuenced by seasonal growth of C4 plants.
Satellite photos showed that for 19 of the 25 water samples collected, there is a clear relationship between more positive
13CDIC values and the surrounding non-forested area (1 km2) upstream of each well (Figs. 8 and 9).
This relationship shows that forest soils with high biological activity and corresponding soil respiration have strong soil
CO2 which prevents air penetration, so that CO2 induced 13C values are closer to the organic matter pCO2. A wide range of
CO2-DIC values found in this study originates from the different proportions of each soil type (forested and non-forested)
here soil pCO2 is variable depending on different proportions of each. Gunn and Trudgill (1982) also showed that the pCO2
s dependent of vegetation cover, with a higher CO2 production found in woodlands rather than in grasslands. Furthermore,
gle et al. (2005) and Jimenez and Lal (2006) indicated that highly weathered tropical soils are characterised by a rapid
ecline in soil organic matter (SOM) when land is cleared for cultivation on a slash-burn crop sequence.
Groundwater DIC is a mixture of soil and atmospheric CO2 and carbonate minerals. The average 13CDIC groundwater
hich inﬁltrated into forest covered soil (non-forested cover = 0%) was −13.75‰. Two  limestone samples were analysed and
heir 13C values were −4.2 and +1.8‰ respectively. The former value of −4.2‰ probably relates to recrystallised carbonates
rom the coral reef carbonate.
Under a closed system, the 13CDIC evolution in groundwater can be inﬂuenced both by soil CO2 (without an external
tmospheric CO2 contribution), and CO2 from carbonate dissolution. The average 13CSOM value was −28‰ (n = 20,  ± 1‰);
nd therefore it is anticipated that 13C of CO2 produced from soil respiration would be approximately equivalent to −27‰
s the equilibrium isotope fractionation between CO2 and carbonic acid at 25 ◦C is 1‰ (Deines et al., 1974). Assuming
sotopic equilibrium among all DIC-bearing species (H CO , HCO −, CO 2−), the total DIC resulting from the dissolution of2 3 3 3
alcite (13C ≈ −1 to +2‰,  Woo  and Choi, 2006) by carbonic acid (13C = −27‰)  originating from C3 plants would provide a
roundwater 13CDIC = −13.5‰.
126 E. Nicolini et al. / Journal of Hydrology: Regional Studies 5 (2016) 114–130Fig. 9. Relationship between non-forested zones and 13C DIC values of groundwaters from the satellite image (1:10,000).
When soil biological activity is low, atmospheric CO2 (−8‰) enters the soil, enriching the 13CSOM values and soil CO2 is
then a mixture of variable proportions of soil CO2 and atmospheric CO2 (Cerling, 1984; Salomons and Mook, 1986; Cerling
et al., 1991) as indicated by a negative relationship between 13C soil CO2 and its associated partial pressure pCO2. In non-
forested areas, Lifou’s groundwater 13CDIC is more positive than the theoretical value of −13.5‰ due to a higher atmospheric
CO2 input, which increases groundwater 13CDIC values and the inﬂuence of dissolution effects from the carbonate substrates
in the soil.
This study demonstrates the strong relationship between groundwater 13CDIC and individual ecosystem components,
such as soil SOM, carbonates and atmospheric CO2 in aquifer systems. This relationship also reveals the vulnerability of
water wells from contaminants transported by surface inﬁltration, particularly in the non-forested areas where most human
activity is located.
4.4. Groundwater nitrates ıONO3 and ı15NNO3
4.4.1. Groundwater nitrates
Nitrate (NO3−) concentrations of 25 sampled groundwater wells were very low (up to 3.8 mg/l), except for one sample
from Hnacaom (7.6 mg/l) where a drinking trough for cattle was  reported. The low nitrate concentrations are not surprising
as there is no industrial activity, urban sewage discharges or signiﬁcant agricultural fertilisation on the island.
Average 15N values of 3.9‰ (Table 2) are typical of nitrates originating from uncultivated forested soils and other
tropical forests around the world (Kendall, 1998; Martinelli et al., 1999; Böhlke, 2002; Stevenson et al., 2010). We found
that uncultivated and forested surface soils beneath small bushes and trees had lower 15N values than those in open areas,
possibly due to N-ﬁxation, with lower N fractionation and N losses than in cultivated sites (Stevenson et al., 2010).
Mean 18ONO3 groundwater values in June and October 2013 are −0.2 and 2.9‰ respectively and are typical of nitrates
formed by the interaction with precipitation (−10 to +10‰)  rather than synthetically through atmospheric oxygen. A plot
of nitrate 15N versus 18O conﬁrms that these low level nitrates are produced by soil nitrogen (Fig. 10). In June, one site,
Mu, had a more positive 15NNO3 value than other sites, consistent with a signature from animal manure or human waste
(septic tank), although it had a very low nitrate content (0.44 mg/l) due to denitriﬁcation.
4.4.2. Seasonal variability of nitrate ı18O and ı15N
A systematic increase of both 18O and 15N values is seen in October 2012 (Fig. 11) and is correlated linearly with a
slope close to 1 (0.9), and decrease in NO3 levels consistent with denitriﬁcation.
Theoretical and laboratory studies have suggested that denitriﬁcation bacteria preferentially convert isotopically light
nitrate to N2O and N2 increasing 15N values from a 1:1 relationship relative to 18O, to between 1.3 and 2.1 (Böttcher et al.,
1987; Aravena and Robertson, 1998; Kendall, 1998; Cey et al., 1999; Mengis et al., 1999; Devito et al., 2000; Chang et al.,
2002; Fukada et al., 2003, 2004). The process is a characteristic shift towards more positive 15N and 18O values measured
in the dissolved nitrate, associated with the reduction of NO3 content (Leibundgut et al., 2009).
Nitrate removal and depleted 15NNO3 and 18ONO3 samples primarily occurred in October 2012, at the end of the dry
season. At this time of year, groundwater recharge occurs mainly via matrix porosity, instead of via fracture porosity during
the wet season (June 2012). Slower recharge through matrix porosity circulation allows for greater contact time between the
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Fig. 10. Relationship between 18O and 15N values of nitrates in groundwater from Lifou. Values sampled in June 2012: white dots, values sampled in
October 2012: grey dots.
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queous solution and shallow root systems, which promotes more effective removal of nitrates. We  cannot exclude deeper
atrix circulation under root systems which interact with localised anoxic environments resulting in denitriﬁcation.
The mean June 18ONO3 value (−0.23‰) was more negative than expected. According to the stoichiometry of Eq. (1)
hich uses one oxygen atom from atmospheric O2 and two oxygen atoms from rainwater, the estimated mean 18Orain
alue would be −11.5‰,  which was not observed during the two years of consecutive measurement. The 18ONO3 values
etermined using biochemical stoichiometry predicted values in the range of 2.4–7.0‰ when we  consider the outlying 18O
alues of monthly rainfall over the two years (−8.2 and −1.3‰).
The lower mean 18ONO3 value (−0.2‰)  observed in June 2012 cannot be explained by nitriﬁcation using atmospheric
2 (18O = +23‰)  and heterotrophic respiration and/or evaporation, because this two  processes leads to 18O enrichment of
he oxygen reservoir used to oxidise NH4+ to NH2OH and the soil-water available to nitriﬁers. In addition, heterotrophic
nstead of chemolithotrophic nitriﬁcation assumes one oxygen atom from soil-water and two  atoms from atmospheric O2
Mayer et al., 2001), which also fails to account for the negative values we  observed. Incubation of nine temperate forest
oils (Fang et al., 2012) demonstrated that microbial NO3 has lower 18O values than predicted using the 2:1 conversion
atio. These lower values were attributed to strong 18O isotope fractionations effects with the incorporation of atmospheric
xygen as well as an exchange of oxygen atoms between NO2 and H2O. A detailed interpretation of the lower 18O value
nd determination of which of fractionation or exchange is beyond the scope of this paper.
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5. Conclusion
A chemical and isotopic baseline study of precipitation, tap water and water sampled from 25 wells and fresh water
seeps from Lifou Island was undertaken over a two year period between January 2012 and December 2014 to characterise
and assess drinking water quality for future monitoring studies. A number of conclusions can be inferred about the rate and
period of aquifer recharge of this tropical karstic island, and the interaction between groundwater and ecosystem services.
Stable isotope (18O and D/H) values of 23 collected monthly rainfall samples collected over two  years lie along the local
and global meteoric water line and are not affected by evaporation. From the Amount Effect, or relation between isotopic
ﬂuctuation and monthly rainfall amount, it is possible to use the weighted average isotope values to calculate the amount
of rainwater that actually inﬁltrates the water table. Groundwater isotopes were found to be particularly stable over time,
suggesting the aquifer is able to compensate for discharges, as the recharge rate exceeds the extraction rate. Recharge was
found to occur when the monthly rainfall was greater than 140 mm,  which is around 26–29% of the total annual precipitation.
Another method, using a soil moisture balance approach, also provides similar results.
Nitrate concentrations are low, conﬁrming the aquifer is unaffected by anthropogenic surface activities which could
inﬁltrate and contaminate the fresh water lens. Groundwater 13CDIC and satellite photos were used to determine the area
of forested and non-forested C3 vegetation covering the inﬁltration area of each watershed. Higher levels of organic matter
(%C, %N) found in forested soils than in thicket soils, suggested that the large and variable range of pCO2-DIC seen in this
study originated from soil pCO2 and depended on different proportions of each soil type (forested and non-forested).
Overall the safety and quality of the freshwater aquifer for the local residents is assured in 2015. Lifou Island has numerous
water catchments and wells (40) due to the dispersion of tribal groups across the island, whereby each tribe has their own well
access to the aquifer. However, these wells each have high vulnerability to salt water intrusion due to weak groundwater ﬂow
rates and the close proximity of the salt wedge under the fresh water lens. This isotopic characterisation of the groundwater
and its use to determine recharge events via porous karstic sediments provides a signiﬁcant contribution to securing drinking
water quality and detecting future problems. If land use around Lifou intensiﬁes (housing, farming and/or agriculture), there
is a high risk of an increase in anthropogenic nitrates (human, animal and/or fertiliser) which will also pose a strong threat
to the groundwater quality due to the porous nature of the karsts. This study demonstrates the high vigilance needed by
testing authorities to regularly monitor freshwater sources on small island systems to avoid water contamination in wells
which have a strong reliance on surface recharge from non-forested areas.
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